Structural transitions in viral capsids play a critical role in the virus life cycle, including assembly, disassembly, and release of the packaged nucleic acid. Cowpea chlorotic mottle virus (CCMV) undergoes a well-studied reversible structural expansion in vitro in which the capsid expands by 10%. The swollen form of the particle can be completely disassembled by increasing the salt concentration to 1 M. Remarkably, a single-residue mutant of the CCMV N-terminal arm, K42R, is not susceptible to dissociation in high salt (salt-stable CCMV [SS-CCMV]) and retains 70% of wild-type infectivity. We present the combined structural and biophysical basis for the chemical stability and viability of the SS-CCMV particles. A 2.7-Å resolution crystal structure of the SS-CCMV capsid shows an addition of 660 new intersubunit interactions per particle at the center of the 20 hexameric capsomeres, which are a direct result of the K42R mutation. Protease-based mapping experiments of intact particles demonstrate that both the swollen and closed forms of the wild-type and SS-CCMV particles have highly dynamic N-terminal regions, yet the SS-CCMV particles are more resistant to degradation. Thus, the increase in SS-CCMV particle stability is a result of concentrated tethering of subunits at a local symmetry interface (i.e., quasi-sixfold axes) that does not interfere with the function of other key symmetry interfaces (i.e., fivefold, twofold, quasi-threefold axes). The result is a particle that is still dynamic but insensitive to high salt due to a new series of bonds that are resistant to high ionic strength and preserve the overall particle structure.
Assembly, stability, and disassembly of icosahedral virus particles are coordinated by protein-protein and protein-nucleic acid interactions. Cowpea chlorotic mottle virus (CCMV) provides a model system for examining these interactions. The advantages of this system include in vivo and in vitro assembly assays (4, 7, 12, 55) , a reversible transition between distinctly different closed and expanded forms (6), a high-resolution crystal structure of the closed particle (42) , an electron cryomicroscopy image reconstruction of the swollen particle (42) , and a general understanding of the requirements for assembly and stabilization of the capsid (6, 53, 55, 56) .
CCMV is a small RNA plant virus that belongs to the Bromovirus genus in the Bromoviridae family. The viral genome is composed of four (positive-sense) single-stranded RNA molecules that are encapsidated in three morphologically identical particles (8, 21, 27) . RNA1 and RNA2 encode proteins involved in RNA-dependent RNA replication and are packaged in separate particles. RNA3, encoding the movement and capsid proteins, and RNA 4, a subgenomic RNA of RNA 3 encoding just the capsid protein, are copackaged in a third particle (2) . The structure of the CCMV virion has been determined to a 3.2-Å resolution (42) revealing a Tϭ3 truncated icosahedron having a diameter of 286 Å and composed of 180 identical protein subunits arranged as protruding pentamers and hexamers. The 190-aminoacid subunit is folded into an eight-stranded ␤-barrel core with N and C termini that extend to make both numerous intercapsomere (facilitated by subunit dimers) and intracapsomere contacts (Fig. 1) . Although not visible in the structure due to the low pH crystallization conditions in combination with the presence of chelating agents in the crystallization buffer, the particle is normally stabilized by intersubunit calcium or magnesium divalent cation binding at the quasi-threefold axes. Also, three to four bases of single-stranded RNA were visible stacking with the Trp47 side chain beneath the divalent cation binding sites. The N-terminal 26 amino acids were not visible in the crystal structure, correlating with previous studies that indicated that this highly basic region projects into the interior region of the virus particle and is required for viral RNA packaging (18, 50, 55) .
A dramatic structural transition occurs in response to changes in pH, ionic strength, and divalent cation concentrations that results in swelling of the CCMV capsid volume by 10% (7, 23, 28, 49) . In the absence of divalent cations, CCMV particles are stable at low pH (Ͻ6.0) and low ionic strength (ionic strength [I] of Ͻ0.2). In contrast, the particle dissociates into capsid protein dimers (the assembly unit) and protein-RNA complexes at high pH (Ͼ7.0) with increased ionic strength (I Ͼ 0.4) and the absence of divalent cations. If the pH is raised above 7.0 under low ionic strength (I Ͻ 0.2) conditions, particles rapidly transition to the swollen form. The driving force of the transition is believed to be charge repulsion within the cluster of acidic residues that form the putative divalent cation binding sites. This was partly confirmed with a 28-Å cryo-electron microscopy image reconstruction of the swollen particle that was fitted with the coordinates from the crystal structure (42) . The swollen capsid state retains distinct pentamers and hexamers held together by largely intact dimer contacts, but large 2-nm pores open at each of the quasithreefold axes with a clear split between the cation binding residues of opposing subunits. This is also observed using hydrogen exchange and mass spectrometry of the closely related brome mosaic bromovirus (BMV) (52) . The largest exchange during BMV swelling occurs in regions around the quasi-threefold axes, while regions involved in dimer contacts actually showed decreased exchange, indicating a tightening of the structure around the extended C termini.
A point mutant of CCMV, isolated by nitrous acid treatment of CCMV RNA followed by serial single lesion transfers, does not dissociate at high pH and high ionic strength (1 M NaCl) while retaining about 70% of wild-type (WT) infectivity (9). Bancroft and colleagues determined that there was a single lysine (K)-to-arginine (R) change in the capsid protein based on amino acid analysis. Subsequent work confirmed the single amino acid substitution and identified residue 42 as the mutation site (22) . Importantly, the salt-stable (SS) phenotype can be reconstituted by site-specific mutagenesis (K42R) of the WT capsid protein (22) . Although modeling with the native CCMV crystal structure suggested that K42R could provide more protein-RNA interactions and create a new intersubunit salt bridge, the lack of a crystal structure of the SS particles prevented specific comparison of the structural characteristics of SS-CCMV relative to WT and rationalization of the new phenotype.
Protein dynamics are an important component of capsid function (for a recent review, see reference 24), and high resolution structural methods provide little data on these processes. Animal viruses have been shown to transiently expose protein domains to the capsid surface that are internal in high-resolution models based on X-ray diffraction data (10, 33) . This solution phase motion facilitates the receptor binding and release of the viral genome that are critical to the life cycle of animal viruses (24, 38) . Plant viruses are not known to require a dynamic capsid to assist in cell entry and are believed to lack this motion. A limited number of techniques have proven useful in the solution phase study of capsid protein dynamics, including the following: ultrasonic absorption (14) , Raman spectroscopy (47), nuclear magnetic resonance (48, 49, 51) , site-directed labeling (11), hydrogen-deuterium exchange (29, 30, 52) , time-resolved fluorescence (17) , and limited proteolysis (15, 37, 46) . The last technique has proven to be the most generally applicable, and with the advent of matrix-assisted laser desorption ionization (MALDI) mass spectrometry, cleavage sites can be determined with a high degree of certainty. Thus, the combination of limited proteolysis and peptide mass mapping is a sensitive method for localizing dynamic regions of capsid proteins (10) and can also be used to measure relative differences in dynamic character (11, 32) . The combination of structural and mass spectrometry techniques is likely to reveal a greater level of information about the CCMV particle dynamics between different particle states than either method alone.
We apply a multidisciplinary approach to decipher the relationship between the dynamics and structural mechanism of the stabilized SS-CCMV capsid and compare the results to WT-CCMV properties. Our results show that SS-CCMV remains dynamic and retains the ability to swell even though a series of new bonds created by the K42R mutation "cross-link" the six subunits that form hexamers at their N termini. It is surprising that a virus particle with such greatly enhanced FIG. 1. The structure of SS-CCMV. (A) Ribbon representation of the mutant subunit structure, which is closely similar to that of the native subunit. The view is approximately tangential to the particle curvature. Beta-strands and alpha-helices are shown in magenta and yellow, respectively. Functionally important areas are indicated by their labels. The side chains of arginines 26 and 42, the two largest structural differences compared to the native subunit, are shown as ball and stick models. (B) A Tϭ3 truncated icosahedron model of the SS-CCMV (and native CCMV) capsid. Positions of icosahedral and quasi-icosahedral rotations axes are shown as yellow and white symbols, respectively (oval, twofold; triangle, threefold; pentagon, fivefold). The central triangle defined by the three polygons labeled A, B, and C defines the icosahedral asymmetric unit, where each of the polygons represents identical protein subunits but occupies slightly different geometrical (chemical) environments. The quasi-threefold axis at their intersection (white triangle) denotes that it is not exact as it relates icosahedral threefold axes to an icosahedral fivefold axis outside of its local environment. Polygons with subscripts are related to A, B, and C by icosahedral symmetry of the subscript (i.e., A to A 5 by fivefold rotation). This creates prominent, planar pentamers (fivefold rotation of the A subunits) and hexamers (threefold rotation of the B and C subunits) in the Tϭ3 truncated icosahedron. The planar hexamers also have implicit quasi-sixfold symmetry that coincides with the icosahedral threefold axes (i.e., relates B to C 2 ). Quasi-sixfold symmetry is preserved with high fidelity in both native and SS-CCMV. The subunit color coding (blue, A; red, B; green, C) will be used in subsequent figures. (C) The SS-CCMV ␤-hexamer shown as a ribbon drawing from residues 26 to 35. The view is approximately tangential to the particle curvature and shows all six N termini from the B and C subunits comprising a hexamer. Adjacent strands are related only by quasi-sixfold symmetry. 
MATERIALS AND METHODS
Virus purification and crystallization. WT and SS viruses were inoculated and propagated in Vigna unguiculata (L.) var. California blackeye as previously described (22) . Briefly, a mixture of RNA 1, 2, and 3 (1:1:2) produced by runoff in vitro transcription from cDNA clones was used to inoculate 10-day-old plants by rubbing 5 g of total RNA on a single leaf. Virus purification and crystallization were performed as previously described (41) .
Structure determination and analysis. Diffraction data extending to 2.7 Å resolution were collected at the Advanced Photon Source beamline 14-BM-C from a single flash-cooled (30% 2-methyl-2,4-pentanediol) crystal. The data were indexed, integrated, merged, scaled, and reduced to a unique reflection set (Table 1 ) with DENZO and SCALEPACK (35) . No reflections were rejected in data processing. The crystals have P2 1 2 1 2 1 space group symmetry (a ϭ 365.5 Å, b ϭ 374.9 Å, and c ϭ 402.5 Å) and four particles in the unit cell; thus, there is one particle per asymmetric unit with 60-fold noncrystallographic symmetry. This is similar to, but not isomorphous with, crystals of the native virus. The virus particle orientation was determined with locked self-and cross-rotation functions (using native coordinates) in the program GLRF (45), and the particle position (0.251, 0.242, and 0.250) was determined with manual translation of the WT-CCMV coordinates based on particle packing constraints. Initial phases were computed to 3.8-Å resolution using oriented and translated WT-CCMV coordinates and then refined and extended to 2.7-Å resolution with CCP4 (16) programs FFT (44) , RSTATS, SFALL (1), SFTOOLS, and SIGMAA (39) and the RAVE package (26) using the 60-fold noncrystallographic symmetry for real-space averaging. Electron density quality in the averaged electron density map is excellent, and coordinates for the SS mutant, including R42, were readily built using the WT-CCMV coordinates as a template with the program O (25). The structure was refined against all data using several rounds of torsion molecular dynamics, conjugate gradient minimization, and B-value refinement as implemented in the CNS (crystallography and NMR [nuclear magnetic resonance] system) program (13), followed by further phase refinement. The final rounds of positional and B-value refinement with 3,615 protein atoms and 126 water molecules gave an R cryst of 24.5% for all data (Table 1) .
PROCHECK (31) was used to examine polypeptide geometry. Potential hydrogen bonds and salt bridges were identified with the hydrogen bond tool in Chimera for OS X (36); this program was also used to create figures ( Fig Electron density is present for the entire R42 side chain in all subunits. In contrast, electron density for K45 is present only up to the gamma carbon of the side chain. Electron density for WT K42 and K45 is identical to that of K45 in this structure. (B) One set of R42 interactions (1 of 120 sets). Only residues with interactions involving R42 or the R26 it bonds with are shown. Color coding for the subunits is as follows: blue, A; red, B; green, C. WT K42, which has no side chain interactions, is shown in magenta for comparison. Potential salt-bridges (no. 1) and hydrogen bonds (no. 
, where ͗I h ͘ is the mean of the I hi observations of reflection h.
b Redundancy ϭ no. of observations/no. of unique reflections. c Statistics are for all structure factor data unless otherwise noted.
where F o and F c are the observed and calculated structure factors.
e Number for all nonhydrogen atoms, including waters.
to identify some of the interactions of R42 and R26. Other distance measurements and root mean square deviation (RMSD) values were calculated using the program O (25) . Swelling assay. Purified virus was dialyzed against swelling buffer (100 mM Tris-HCl, 100 mM NaCl, 1 mM EDTA, 1 mM sodium azide, pH 7.5) or closed buffer (100 mM Tris-HCl, 100 mM NaCl, 5 mM CaCl 2 , 1 mM sodium azide, pH 7.5) overnight at 4°C. After dialysis, 0.5-mg samples were loaded onto 5 to 25% sucrose gradients having the same final buffer concentrations and centrifuged in an SW41 rotor (Beckman, Fullerton, CA) at 38,000 rpm for 2 h at 4°C. After centrifugation the gradients were fractionated and the absorbance at 260 nm was monitored.
MALDI-TOF. MALDI-time of flight (MALDI-TOF) mass analysis was conducted on a Perceptive Biosystems Voyager Elite equipped with delayed extraction. Reflectron mode was used for ions of Ͻ5,000 m/z. Intact capsid protein was cocrystallized with a saturated solution of 1,5-dimethoxy-4-hydroxycinnamic acid in water-acetonitrile-trifluoroascetic acid (50:50:0.05). Protease-released peptides were cocrystallized with a saturated solution of 1-cyano-4-hydroxycinnamic acid.
Protease digestions. WT and SS virus at 10 mg/ml were digested with trypsin (Promega, Madison, WI) or Glu-C (Sigma) in either closed or swelling buffer, as described above. An enzyme-to-virus ratio of 1:1,000 (wt/wt) was used in all reactions. Samples were diluted 10-fold with 10 mM acetic acid to inhibit proteolysis at the specified time intervals and used directly for MALDI-TOF, sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) analysis, or for visualization by transmission electron microscopy analysis. Protease activity in closed and swelling buffer was tested by monitoring the cleavage rate of the insulin ␤-chain peptide, and no difference was detected. Trypsin and Glu-C activities were equalized using the same peptide, which has three sites for each protease.
Protein structure accession number. The coordinates and structure factors for the SS-CCMV structure determination have been deposited in the Protein Data Bank (http://www.rcsb.org/pdb/) under accession code 1ZA7.
RESULTS

Structure of the SS virion.
The chemical basis for the SS phenotype was suggested to be the result of an enhanced protein-RNA interaction and/or the presence of an additional intersubunit salt bridge (22) . We determined the crystal structure of SS-CCMV at a 2.7-Å resolution in an attempt to explain the K42R capsid stabilization. As in the WT structure, the virion is made up of 180 copies of the coat protein arranged with Tϭ3 quasi-symmetry and organized into 20 hexameric and 12 pentameric capsomeres. Each subunit has the characteristic extended N-and C-terminal arms that form an intricate network of ropes that appear to tie the subunits together (Fig.  1) . Residues 40 to 190 of the A subunits (which comprise the pentamers) and residues 26 to 190 of the B and C subunits (which comprise the hexamers) were built into well-defined electron density maps averaged over 60-fold noncrystallographic symmetry and refined to a final R factor of 24.5% (Table 1 ). There are two additional ordered residues on the A subunit N terminus and a single additional ordered residue on the B and C subunit N termini compared to the WT structure. The quality of the electron density was good for R42 in each subunit environment, and the side chain was readily fitted (Fig.  2A) . In contrast, electron density for the K42 side chain in the WT structure was disordered past the gamma carbon. Potential RNA electron density beneath W47 in all three subunit environments is present but poorly defined relative to the WT structure. Attempts to build and refine RNA coordinates were abandoned as they resulted in a higher refinement R factor, thermal B factors several times higher than those of nearby protein coordinates, and a poor fit to the density. Other than the lack of RNA coordinates and the point mutation, the mutant subunit structures are closely similar to those of WT, having RMSDs of only 0.4 to 0.6 Å for the C␣-atom positions between residues 42 to 190.
The only structural differences between WT-and SS-CCMV involve new interactions created by the K42R mutation. Arginine 42 on the A subunits of SS-CCMV had no new protein interactions compared to WT-CCMV but may have new RNA interactions. The R42 side chain points toward the RNA coordinates fitted in the WT structure, bringing the guanidinium group within 3 Å of the phosphate backbone and demonstrating that a new salt bridge could be present. The RNA density under the A subunit is the least ordered of the three subunit environments in SS-CCMV, suggesting a weak interaction.
Both B and C subunit R42 residues form new salt bridges and hydrogen bonds around the ␤-hexamer, a small, parallel ␤-cylinder formed at the quasi-sixfold (icosahedral threefold) axes by alternating B and C subunit N termini that run through the centers of the hexamers (42) . The salt bridges form between R42(i) and quasi-sixfold related (i ϩ 5) E34 residues ( Fig. 2B ) (i.e., an ArgB42 i -GluC34 i ϩ 5 intersubunit interaction). Additionally, both nitrogens at the tip of the R42 guanidinium group hydrogen bond the carbonyl oxygen of R26 from the subunit directly across the quasi-sixfold axis (i ϩ 3) (i.e., an ArgB42 i -GluC26 i ϩ 3 intersubunit interaction). R26 was not ordered in the B and C subunits of the WT-CCMV crystal structure, which only showed ordered structure up to Val27. In SS-CCMV electron density for R26 is not well defined but is contiguous, and the side chain can be unambiguously oriented and fitted up to the delta carbon in electron density maps contoured at 1.0. Due to the high fidelity of the quasi-sixfold symmetry, the reciprocal interaction also forms between R42 and R26 (i.e., C42 i ϩ 3 -B26 i ). The extended N termini of the opposing pairs of B and C subunits in each ␤-hexamer reach completely across the structure, allowing the last ordered residue (R26) to interact with R42 near the beginning of the opposing, quasi-equivalent N-terminal arm.
R26 also interacts with neighboring N termini in the ␤-hexamer (Fig. 2B) . On both the B and C subunit N termini, the R26 side chain is oriented inward toward the quasi-sixfold (icosahedral threefold) axis. Hydrogen bonds form with the side chain oxygens of Gln29 on both the icosahedral threefold and quasi-sixfold related subunits (i.e., ArgC26 i ϩ 3 -GlnC29 i ϩ 5 and ArgC26 i ϩ 3 -GlnB29 i ϩ 4 ) and the main chain carbonyl oxygen of Val27 also of the quasi-sixfold related subunit (i.e., ArgC26 i ϩ 3 -ValB27 i ϩ 4 ) (Fig. 2B) . In the only break of quasisixfold symmetry in the new SS-CCMV interactions, R26 of the B subunit does not hydrogen bond the Gln29 side chain oxygen of the quasi-sixfold related C subunit (not shown). This hydrogen bond is not formed due to slightly larger distances and angles between these side chains. As with R42, the R26 interactions are only observed in the SS-CCMV structure although this is the WT residue. Interestingly, the network of new bonds associated with each R42 residue (including R26 and its interactions) involves all but two of the other subunits comprising the ␤-hexamer and effectively circles the quasi-sixfold axis. In total, there are two new salt bridges and nine new hydrogen bonds formed by a B and C subunit pair in the SS-CCMV structure. This amounts to 33 new bonds per ␤-hexamer and 660 new bonds across the entire mutant capsid.
SS capsid swelling. The characteristic swelling of WT-CCMV is driven by repulsion between negatively charged side VOL. 80, 2006 STRUCTURE AND DYNAMICS OF SALT-STABLE CCMV 3585
on September 22, 2017 by guest http://jvi.asm.org/ chains in the absence of divalent cations at high pH. Analysis of the mutant structure revealed that the acidic residues proposed to be important for swelling (42) were present in the same relative positions. Therefore, based on the structure presented here, SS virions would be expected to swell similar to WT given proper conditions. To test whether SS-CCMV does swell, particles in different solution conditions were analyzed by velocity centrifugation through sucrose. Solution conditions that induce swelling in WT-CCMV (absence of divalent cations at high pH) were compared with conditions (presence of divalent cations) in which WT-CCMV particles are closed. Samples were dialyzed against either 100 mM Tris-HCl, 100 mM NaCl, and 1 mM EDTA at pH 7.5 or 100 mM Tris-HCl, 100 mM NaCl, and 5 mM CaCl 2 at pH 7.5. Samples were loaded on to 5 to 25% sucrose gradients and centrifuged for 2 h. Gradients were fractionated, and the absorption profile at 260 nm was plotted. Under these conditions, WT-CCMV was present as swollen and closed particles, respectively. WT-CCMV reproducibly migrated at two different rates dependent on the particle form (Fig. 3A) , which is consistent with previous reports (6, 7, 42) . SS-CCMV also had a distinct form in each buffer condition, both migrating closely similar to comparably treated WT-CCMV (Fig. 3A) . In order to confirm that the change in particle form was nearly identical for WT-and SS-CCMV particles, the experiment was repeated after mixing particles from both phenotypes. WT-and SS-CCMV comigrate in both closed and swollen buffer conditions, confirming that the K42R mutant can swell, and produce a swollen particle form with the same sedimentation rate as the swollen form of WT-CCMV (Fig. 3B ).
WT and SS capsid protein dynamics.
To elucidate the extent of the capsid motion of particles in solution and the effect of the added chemical stability of the SS mutant on this behavior, we initiated a series of protease-based experiments. Both WT-CCMV and SS-CCMV particles were prepared in the closed and swollen forms and incubated with the trypsin and Glu-C proteases. Virus samples were analyzed after 3 and 8 h to determine if the different forms and phenotypes of the particles had an effect on the rate of digestion. All forms and phenotypes of CCMV treated with trypsin, which cleaves at the C-terminal side of the lysine and arginine residues, were readily digested, producing three relatively stable forms of the capsid protein (Fig. 4) . Transmission electron micrographs confirmed that the virions remain intact up to 8 h during the protease digestion (data not shown). Interestingly, incubation of all forms and phenotypes of CCMV with the acidic protease Glu-C, which cleaves at the C-terminal side of glutamic and aspartic acid residues, did not visibly degrade the capsid protein. The mutation responsible for the SS phenotype, K42R, does not change the number of potential cleavage sites for either trypsin or Glu-C. Enzymatic activity was tested by monitoring the cleavage rate of a control peptide using trypsin or Glu-C and was not affected by the buffer conditions used for the closed or swollen forms (data not shown). The N terminus of the protein contains 12 basic residues, whereas the C terminus contains 8 acidic residues. Therefore, proteolysis by trypsin and the lack of proteolysis by Glu-C suggested that the extended terminal regions of the capsid protein behave very differently from each other in solution.
The rate at which capsid protein was digested by trypsin was different depending on the form and phenotype of the particles. After 8 h, there was clearly less intact protein present in the WT lanes compared with the SS lanes (Fig. 4) . The relative stability of the degradation products was also different between WT and SS particles. Quantitation of the intact capsid protein after 8 h of digestion with trypsin was used to compare the rates of digestion. The intensity of the Coomassie-stained intact capsid protein bands (Fig. 5 ) demonstrated that the closed and swollen SS-CCMV capsids were 1.7 and 2.4 times more resistant to enzyme digestion than WT-CCMV, respectively. Interestingly, comparing the closed versus swollen forms of the WT particles shows that the closed form is more resistant to digestion (1.4 times), but this difference was much more subtle between the two forms of the SS-CCMV capsids (1.1 times). Tightly folded protein domains or regions involved in protein-protein interaction are less susceptible to proteolysis than extended or dynamic regions (20) . For this reason, we were interested in identifying which parts of the capsid protein were represented in the intact bands visible in the SDS-PAGE analysis (Fig. 4) . MALDI-TOF mass spectrometry was used to identify the cleavage products present in the trypsin-treated samples. Spectra representing the mass region containing intact capsid protein for both phenotypes (WT and SS) and forms (closed and swollen) of the virus were consistent with the SDS-PAGE analysis. Intact capsid protein and at least three major cleavage products were present in each sample (Fig. 6 ). These were identified by mass mapping as residues 15 to 190, 27 to 190, 43 to 190 and 2 to 190 (intact capsid subunit) ( Table  2 ). The closed form of the particles had an additional minor cleavage product present in the mass spectra corresponding to residues 24 to 190 (ion 3).
The SDS-PAGE and protein mass mapping experiments provided comparative data on capsid stability and folded subunit domains, but neither method provided a clear view of the first sites accessed by the protease. To address this question, we applied the mass spectrometry-based technique to the low mass region (Ͻ5,000 m/z). Low concentrations of peptides can easily be detected in this region because it is devoid of ions in the undigested samples. This allowed us to map the very first sites of protease cleavage by monitoring the initial minutes of the reactions. Analysis of the released peptides after 1, 5, 10, and 20 min revealed that the pattern was similar for both forms and phenotypes of the virions. MALDI-TOF mass mapping of the released tryptic peptides localized the cleavages to the N terminus of the capsid protein (Fig. 7) . The mass mapping experiment was also conducted using Glu-C. As before, no significant degradation of capsid protein was detected. These data confirm that only the N-terminal region of the CCMV capsid protein is accessible to protease in the intact capsid and that the dynamics are retained at a lower level in SS-CCMV.
DISCUSSION
Additional local symmetry contacts globally stabilize the icosahedral particle. Speculation on the physical basis for the increased stability of the SS mutant of CCMV has covered nearly 30 years. We present structural and biochemical data elucidating the basis, and further characteristics, of the SS phenotype. Of particular interest is that the dramatic increase in salt stability is accompanied by increased protease resistance and only has a small effect on infectivity, particle swelling, and FIG. 5. WT-CCMV particles are more susceptible to trypsin protease treatment than SS-CCMV particles. Quantification of the average level of intact capsid protein remaining after 8 h was based on densitometry of Coomassie-stained bands from four gels, including the gel shown in Fig. 4.   FIG. 6 . MALDI-TOF analysis of CCMV capsid protein. Treatment of WT-and SS-CCMV particles with trypsin for 3 h produced stable C-terminal fragments. WT and SS particles in closed and swollen forms have 4 and 3 primary digestion products, respectively, as follows: 1, residues 2 to 190 (intact capsid protein); 2, residues 16 to 190; 3, residues 24 to 190; 4, residues 27 to 190; and 5, residues 43 to 190. Table 2 gives the masses and identifies the labeled ions. The small peaks on the shoulders of ions 1, 2, 4, and 5 are matrix adducts.
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on September 22, 2017 by guest http://jvi.asm.org/ virion dynamics. The crystal structure of SS-CCMV establishes that the structural basis for the increased particle stability is the addition of 660 new intersubunit interactions within the 20 ␤-hexamers, which are a direct result of the K42R mutation. The slight additional length and multivalent bonding potential of the R42 side chain allows bivalent hydrogen bonding of the R26 main-chain oxygen, which appears to order and orient R26 to contribute half of the new interactions. The appearance of R26 in SS-CCMV can also be attributed, in part, to experimental improvements such as the higher resolution data collected from a single frozen crystal. For residues R42 and R26 in each hexamer (B or C) subunit, one in every six new interactions is a salt bridge, and the remaining five are a mixture of side chain-to-main chain and side chain-to-side chain hydrogen bonds. Together, the new bonds form an intricate network that "cross-links" the N termini of all six subunits that form hexamers. Moreover, each hexamer subunit is part of a strong dimer interaction that "cross-links" pentamers to hexamers (A-B dimer at quasi-twofold axis) or hexamers to hexamers (C-C dimer at icosahedral twofold axis) (Fig. 1B) via interchange and "clamping" of the subunit C termini (Fig. 2A) . The gain in stability from the increased contacts local to the hexamer subunit N termini may be more widely distributed throughout the particle by the intercapsomer interactions of the C termini, which would partly compensate for the lack of any new bonds involving pentamer subunits. The generally accepted strength of hydrogen bonds in water is 0.5 to 1.5 kcal/mol (19, 40) . Thus, using a greatly simplified view of this complex bonding structure, where each of the 660 new interactions are all hydrogen bonds and contribute equally to particle stabilization independent of other factors in the surrounding environment, gives a potential net free energy gain of between 330 to 990 kcal/mol for each particle even without contributions from the pentamers. No new interactions are made at any other subunit interface except for the possibility of new protein-RNA interactions by R42 of the pentamer subunits. However, the SS phenotype is also demonstrated by empty particles (22) , suggesting that any new RNA interactions made by the pentamers do not contribute significantly to the increased stability. The increase in stability is due to new bonds created only at the quasi-sixfold axes just as retention of WT functions by the stabilized capsid are due to the lack of changes at the fivefold, twofold, quasi-threefold, and quasi-twofold axes. Stabilization does not prevent particle expansion. Since the structural changes in SS-CCMV are local to the quasi-sixfold axes, they do not preclude the capsid from swelling via expansion of the openings at the quasi-threefold axes. Indeed, sucrose sedimentation velocity experiments reproducibly detected swelling of SS-CCMV particles at pH 7.5 by chelating divalent cations with EDTA. These data demonstrate that the SS-CCMV particles do expand under the same conditions, and to the same extent, as WT particles. The use of EDTA was not cited in two previous studies of SS-CCMV swelling; one concluded that the mutant particles did not expand (3) , and the other concluded that the mutant particles did not expand to the same degree as WT when divalent cations were absent (9) . It is possible divalent cations remained in reduced concentrations in the previous studies as both used only dialysis to reach FIG. 7 . MALDI-TOF analysis of peptides released from WT-and SS-CCMV. Virus particles in the closed and swollen forms were analyzed after a 10-min incubation with trypsin. All of the significant ions map to the N-terminal region of the capsid protein and are present in each sample. Table 2 gives the masses and identifies the labeled ions. the higher pH condition, and this low concentration was sufficient to inhibit swelling. While the exact steps in CCMV capsid expansion remain unclear, correct dimer formation is required for particle assembly and swelling. Mutational studies have shown that removing the C-terminal arm of the subunit completely abrogates particle assembly (55) , and hydrogen exchange studies of the closely similar BMV capsid showed a tightening of the structure in the vicinity of the C-termini as the BMV particle expands (52) . Outside the large reorganization at the quasithreefold axes, both structural and computation studies concur that the transition between the WT closed and swollen states is accommodated by the flexible dimer interface, which remains largely intact and binds the pentamers and hexamers together (34, 42, 43) . Portions of the N-terminal arm are also involved in dimer contacts ( Fig. 2A) , suggesting that alterations to the native, extended dimer interactions can have a measurable impact on particle transitions without altering the dimer interface itself. The subunit contacts within the hexamers and pentamers are also largely unchanged although these capsomers have rotated slightly compared to the native state. In SS-CCMV, the N terminus of each hexamer subunit is involved in new contacts. These additional interactions would seem to favor the closed capsid state under swelling conditions. The N termini are likely to be more strongly anchored in the ␤-hexamer, preventing distortion of the dimer interface, reducing the sampling of favorable subunit orientations, and averting dissolution of the ␤-hexamer to the point necessary to achieve WT capsomer rotation and particle expansion. However, the swollen SS-CCMV particles are indistinguishable from swollen WT particles in sucrose sedimentation experiments when both are exposed to the swelling buffer overnight.
Stabilized particles retain dynamic pentamers. Past structural and biochemical studies indicate that the N-terminal region of the capsid protein is located inside the closed and swollen forms of WT-CCMV and inside the closed form of SS-CCMV (5, 42, 50, 54, 55) . However, protease mass mapping experiments reveal that in solution the N terminus of the capsid subunit is readily accessible to trypsin. This agrees well with proteolysis studies of the BMV capsid, which produced primarily N-terminal peptides (52) . For the protease to access these N-terminal residues, they must have intermittent exposure to the particle surface, implying a breathing motion for the capsid. The new interactions in SS-CCMV at the hexamer N termini could reduce their exposure at the particle surface and/or restrict the capsid breathing motion. Reductions in N termini exposure or capsid breathing would reduce the level of protease digestion leading to the greater protease resistance of the SS-CCMV particles.
The rate and sites of protease cleavage are a function of protein dynamics, allowing us to compare the solution phase properties of the particles (10) . A highly biased distribution of amino acids creates chemically distinct regions and allows the differential probing of protein regions based on protease specificity. Proteases with basic or acidic specificity will, therefore, report primarily on the accessibility of the CCMV coat protein N-or C-terminal regions, respectively. Although SS-CCMV is dramatically stabilized, the sites and apparent early rate of protease cleavage in WT-and SS-CCMV are very similar, indicating that identical regions of the overall capsid and protein subunit are equally dynamic in the two particles ( Fig. 6 and  7) . All of the primary cleavages are within the first 42 residues of the protein, with one of the primary cleavage sites in both WT-and SS-CCMV being residue 42. Involvement of Arg42 in the new bonding network of the SS-CCMV particle apparently does not significantly reduce the preference for this site by trypsin. Indeed, protease cleavage sites map to position 42 at very early time points in both forms of the capsid. This suggests that the early appearance of this site in SS-CCMV is contributed by subunits within the pentamer. With no changes to the bonding of pentamer N termini, changes in dynamics of this region could indicate that the increased stability of hexamers propagates throughout the particle. This set of N termini can cycle back and forth to the particle surface at the WT rate without affecting the stabilizing interactions centered at the hexamers and be cleaved in the protease mapping experiments at nearly the same rate as WT-CCMV. This defines two sets of dynamic N termini in SS-CCMV. The set located at the center of the pentamers is unaffected by the K42R mutation and makes it appear that the stabilized particles have unaltered dynamics. The set located in the hexamers is contributing to a web of new interactions responsible for the stability and slightly abnormal swelling of the mutant capsids, and this set is probably cleaved more slowly than the equivalent set in WT particles. Alternatively, it may be that only subunits within pentamers are cleaved at the early time points in either type of particle. The difference in the stability of WT-and SS-CCMV would then be due mainly to an overall decrease in SS-CCMV dynamics connected to the increase in hexamer stability. The detailed hydrogen bonding network created by the K42R mutation supports the idea that initially only subunits in pentamers are cleaved.
Although SS-CCMV has an isometric particle structure, its dynamics may be quite asymmetric. The K42R mutation can lead to a clear distinction between capsomer dynamics, where pentamer N termini have a faster surface exchange rate than those of hexamers, or at least more so than those of WT-CCMV. The hexamer N termini in the WT particle have more visibly ordered structure and interactions that could slow their surface exposure compared to those of the pentamers, hinting at partly asymmetric dynamics even in the WT particle. With the additional interactions created by the K42R mutation, the difference in exchange rates for pentamer versus hexamer N termini in SS particles can become even greater, resulting in increased salt stability and protease resistance. Increasingly asymmetric, dynamic movements that act to stabilize a highly symmetric virus particle seem to contradict the structural foundations of the particle itself; however, this is caused by a reduction of the dynamics that make the WT particle more vulnerable to proteases and high-salt conditions. Concurrently, the same reduction in dynamics does not seem to affect overall particle swelling and has little effect on infectivity of the SS-CCMV particle. Dynamic hexamers, at least of the level found in WT particles, appear not to be required for these large structural transitions associated with disassembly.
Thus, the viable increase in particle stability is a result of concentrated tethering of subunits at a highly symmetrical interface (i.e., quasi-sixfold axes) that does not interfere with the function of other key symmetry interfaces (i.e., fivefold, twofold, and quasi-threefold axes). Indeed, the relatively large VOL. 80, 2006 STRUCTURE AND DYNAMICS OF SALT-STABLE CCMV 3589
on September 22, 2017 by guest http://jvi.asm.org/ quaternary rearrangements that lead to the reversible swelling of the capsid appear to have less of an effect on particle dynamics than the K42R point mutation. The effect is a particle that is still dynamic and insensitive to the high-salt conditions but is not disrupted due to a new, interleaving series of bonds that preserve the overall particle structure.
